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SUMMARY

- The study contract for preliminary analysis for Lunar Roving Vchicle
(LRV) Ground Data Systems (GDS) and Operations was initiated in Septem-
ber 1969, and was originally intended as a six-month task, During February
1970, Hughes was directed to stretch out the existing program with a Final
Report delivery scheduled for 30 June 1970,

The content of the Final Report (Volumes I, II, and III) constitutes
only part of the final product by the Hughes Aircraft Company in res ponsc to
Contract No, 952668, The total response is listed below and it should be noted
that matcrial printed in Jet Propulsion J.aboratory documents was supplied
under the terms of the contract in final draft form,

° Preliminary Analysis for Lunar Roving Vehicle Study — Ground
Data Systems and Operations, Ilughes Reference No, C0077,
dated 30 Junec 1970: Volume I, Roving Vehicle Guidance (Remote
Driving Study); Volume II, Roving Vchicle Payload (Science
Mode Time Analyses); Volume III, Roving Vchicle Navigation
(Evaluation Dctermination Analyses).

° LRV Navigation and Guidance System Phase A Study Report,
JPL Document No, 760-42, dated 15 October 1969: Section V,
Mission Operations; Section VI, Navigation and Guidance
Operations; Section VII, Problem Areas; Section X, Plan for
Phase B Study,

° Science Ground Data System and Science Operations Organiza~
tion for Remotely Controlled Lunar Traverses — Phase A Study
Report, JPL Document No, 760-39, dated 10 October 1969:
Section VI, Scicence Operations; Section VII, Problem Arcas,
Section X, Phasc B Study Plan,

° Operations Profiles for Lunar Roving Missions, JPL Document
No, 760-46, dated May 1970,

Originally, it was not planned for Hughes to participate in Phase A
Report preparation, The basic responsibility of Hughes in the early part of
this contract had been to assist JPL in defining all mission-dependent Earth
activities and rcsources (hereinafter referred to as the ""Mission Operations
Complex'" — MOC) required to support the remote~controlled phase of the




LRV M;sslou. Since this constituted a variable which is dependent upon
mission requirements, the total plan which implemented these requirements

was fir qt cstablished,
Mission futiu.u.‘en']t?ut also dictate a general LRV design., Such a design

is not necessary in defining a general MOC but becomes necessary in esta-

blishing its details (commensurate to the extent of available LRV design detail).

No sole LRV design existed throughoat the contract period. Bendix and

Grumman each had scveral designs in the early part of the period and JPL

therefore postulated a single design to act as a baseline for the Hughes effort

of MOC dcfinition, Considerable time was spent coordinating with JPL sources

regarding establishing and periodically up-dating a postulated LRV design

without incompatibilities and with a level of detail uscful toward MOC defini-

tion, Continuing assistance to JPL was provided in assessing the effect on the

GDS baseline design of the LRV mission, vehicle, and science payload changes

during the study, and design change recommendations were made as appropriate, |

It was originally intended to deliver to JPL detailed definition of the
Ground Data System in the areas of display, operations profile, operations
organization, navigation programs and computer applications, hazard pre-
diction programs, and avoidance maneuver techniques, During January and
February of 1970, it was determined by JPL that the study should concentrate
more in the areas of 1) remote driving problems, 2) Navigational analyses for -
operations use (concentrating on elevation determinations), and 3) time line
analyses., In particular, it was decided to develop the above definitions to
only the intermediate level and not initiate wotrk on a general command and
control computer program, or identify a single operations organization, It has
also been intended to expand the detail of the MOC to a level of detail attain-
able within the remainder of the contract period., However, this effort was
also suspended at JPL's request., Thus, during January and February of.

1970, a report entitled "MOC Definition for Synthesized LRV Design' was
submitted. This report consisted of five basic sections plus an appendix;
and included an Introduction, Synthesized LRV Description, Operations
Profile, and MOC Profiles, This material was used by JPL in preparing the
Phase B Report, ’

The MOC profile charts in the Phase B Report show the direct correla-
tion of all the particular Earth-based activities and equipment used to imple-
ment each specific operational activity identified by numerical subdivision of i
a basic operation '""mode' (the first divisional level within the remote controlled
phase of the mission). The estimated Delta time to accomplish each row of
the MOC charts was also calculated. An iteration with specific operatlonal
activities and general mission plans is requn ed to establish total mission
time lines. This was not pursued further in the areas of Guidance and Navi-
gation by Hughes at JPL's request. :

Paralleling the above in time was an effort by Hughes to identify (for
operational use) the subtle aspects of perhaps the most demandmg of the LRV
mission requirements--Navigation and Guidance. A review was made of all
available documentation produced by Bendix, General Motors, and Grumman



rcgarding the subject, Preliminary investigation in Navigation by landmark
showed that accuracy versus number of visual landmarks, and accuracy
versus number of navigation updates for a given course, was not a simple
relationship. Subsequent investigations established appreciably reliable
criteria for operational decisions when navigating by landmark,

Volume I details considerations applicable to aid remote driving by
superimposing driving aids on the TV panorama, These aids are used by the
Remote Driver at the Remote Controller Position while the vehicle is in
motion, The vehicle gencral design baseline is first established.

Volume II contains four dctailed time line studies of portions of the
Stationary Science Mode, These studies provide an additional link in the
continuing iterative process of defining the LRV mission operations procedure,
ground equipment, and administrative organization,

Volume III is mainly concerned with clevation determination, Some
carly unfinished work on Rover Navigation is also presented, Preliminary
error curves of Rover position as affected by landmark orientation with
respect to LRV path are shown; also, a table representing a partial com-
parison of various navigation schemes is included. The elevation determina-
tion methods considered are 1) use of the basic LRV instruments, 2) addition
of a ranging Laser and precision inclinometer, 3) tracking an orbiter from
the Rover, and 4) miscellancous techniques including a stable platform, on e
or morc star trackers, a sun seeker, gyrocompassing, Foucauld pendulum,
and diffcrential ranging., The intent of the volume is to provide sufficient
information concerning a variety of navigation and elevation determination
mecthods to permit filtering out of less attractive schemes,




PREFACE

The beginning portion of the "Remote Driving Problem'' Study
(Section II), was directed toward establishing a vehicle general design
based on Remote Driving operational requirements imposed on the
complete Mission System (i.e., the vehicle, its communication links
with the remote controller station, and the remote controller station).
The vehicle baseline design itself is summarized in Section III of this
study. Section IV is devoted to a specific aspect of the Remote Controller
Station intended to aid Remote Driving by superimposing Driving aids
(e.g. predicted vehicle path, range lines, crevasse hazard detection lines)
on the TV panorama (of the view in front of the vehicle) used by the
Remote Driver while the vehicle is in motion.



GUIDANCE

BACKGROUND

I. Phase A Contributions

Preliminary functional requirements for LRV guidance and control
were reviewed by Hughes Aircraft Company. Hughes-recommended ground
data system functional guidance and control requirements and operations
organization were included in the formal issue of Jet Propulsion Laboratory
Document Number 760-42, entitled "LRV Navigation and Guidance System
Phase A Study Report, ' dated 15 October 1969, Sections V and VI. Functions
of the ground data system were organized into two main categories in that
report, i.e., navigation and guidance. Functional diagrams were generated
reflecting this organization, and functional descriptions were prepared which
described in detail the various activities identified in the functional diagrams.
This was accomplished for the four candidate systems.

Jet Propulsion Laboratory Document Number 760-42 also included
Hughes-recommended Phase B Study Plan (Section X) and Problem Areas
(Section VI1I) anticipated by Hughes for the Phase B study effort.

II. Phase B Contributions

A summary chart of the Bendix and Grumman candidate vehicles was
prepared in regard to the navigation and guidance concepts. A single
navigation/guidance baseline was then jointly established by Jet Propulsion
Laboratory and Hughes Aircraft Company personnel. This integrated GDS
functional baseline design was used to establish a corresponding navigation/
guidance operations profile and the navigation/guidance GDS concept.

The feasibility of manual, semi-automatic, and automatic LRV course
and obstacle avoidance maneuver techniques was studied using available
navigation, obstacle detection, image, and lunar environment data.

Preliminary and intermediate ground data systems and operations
profile for navigation/guidance were established. The task was approached
by preparing functional flow block diagrams describing the minor sequence in
the two navigation and guidance modes: the navigation and guidance stop
(navigation update) mode and the traverse mode. The MOC profile was further



detailed to include information processing, information display, and corre-
sponding human activity requirements for the navigation/guidance areas.

During January and February 1970, the above material was detailed
and submitted in near final form and published essentially in its entirety as
the Jet Propulsion Laboratory Phase B Interim Study Report ('"Operations
Profiles for Lunar Roving Missions, " Jet Propulsion Laboratory Document
Number 760-46, dated May 1970) to the National Aeronautics and Space
Agency. Also, during January 1970, the guidance and control task was

directed into a study of remote driving problems (next section).

REMOTE DRIVING PROBLEM

I. Summary

The beginning portion of the Remote Driving Problem Study (Section II)
was directed toward establishing a vehicle general design based on remote
driving operational requirements imposed on the complete mission system,
i.e., the vehicle, its communication links with the remote controller station,
and the remote controller station. The vehicle baseline design itself is
summarized in Section III of this study. Section IV is devoted to a specific
aspect of the remote controller station intended to aid remote driving by
superimposing driving aids, e.g., predicted vehicle path, range lines,
crevasse hazard detection lines, on the TV panorama (of the view in front of
the vehicle) used by the remote driver while the vehicle is in motion.

II. Vehicle General Design Considerations for Vehicle Remote Guidance

A. Obstacle Detection

1. General

The total system time delay for obstacle detection and vehicle
response is:

T = tD + tR
where tp = display time = period between sensing of the obstacle by
the LRV and display of the obstacle on the earth, either
visually or alphanumerically.
tp = reaction time = period between sensing of the display by
the remote driver and actual change in direction or

velocity of the LRV.

It is assumed that:

i

6 seconds [TV]

tp
= 1.3 seconds [engineering telemetry]

tR = 4 seconds



a) Sufficiently stable moon-earth communications link margin in the
face of vehicle motion so as to accommodate continuously
undistorted video.

b) Upper limit on frame transmission rate so as to minimize
moon-earth communications bandwidth requirements.

c) Lower limit on frame transmission rate to minimize required
reaction time. ’

d) Adequate resolution.
e) Adequate contrast.

f) Advantageous location of the LRV camera and maximum vehicle
velocity.

g) Short exposure time (to avoid picture smear due to vehicle motion)
and adequate field-of-view.

h) Minimization of scene jitter due to unstabilized platform mounting
of TV camera.

The following discusses these topics further:

a) Stable Link Margin. It is assumed that an RF carrier frequency
in the S-band range (2 to 3 GHz) will be used on an LRV mission. Also, it is
assumed that an antenna of sufficient directionality and pointability will be
onboard the LRV,

b) Upper Limit on Frame Rate. The assumed link carrier frequency
range imposes an upper limit for the TV frame rate on the order of 3 to
6 frames per second maximum, assuming use of an LRV transmitter,
receiver, and antenna of capability similar to that on Surveyor. A higher
frame rate is not usable while moving due to scene jitter, unless the camera
were mounted on a stable platform during vehicle motion. Also, a higher
frame rate may not be necessary for the order of magnitude velocity (3 km/hr
maximum) considered as a safe limit for traversing unknown and rough lu:ain
via remote driving. (Reference Appendix A, Item 5.)

At 4 km/hr, the vehicle travels 1.11 m/sec. Assuming obstacle
detection and avoidance time T = 10 seconds, an obstacle would have to be
detected via TV no closer in range (hereafter referred to as R, = critical
detection range) than 10 x 1.11 = 11,1 meters ahead of the LRV in order to
stop the vehicle before LRV/obstacle contact is made. This assumes no
additional delay due to low TV frame rate. If the rate were 5 frames per



per second, i.e., a.frame time of 0.2 second, one frame time would .
represent 5 per cent of T; for 20 frames per second rate, one fran?e t}me .
(0. 05 seconds) would represent 1/2 per cent of T. The difference in time is
small, but the price difference to accommaodate the higher frame rate from
communications, power, and thermal viewpoints is huge for an S-band
carrier frequency. Therefore, 5 frames per second shall be used as an
adequate upper limit on TV frame rate for obstacle detection considering

these limitations:.

c) Lower Limit on Frame Rate. A low frame rate (<1 frame per
second) has the advantage in minimizing scene jitter over rough lurain
without the need for a stable platform camera mount. The disadvantages, of
course, are the scene discontinuity and the increase in obstacle detection

time (tp).

d) Adequate Resolution. The minimum mobility requirements for the
LRV as stated in the Phase A Study Report (Appendix A, Reference 1) include
capability to negotiate a step obstacle <1 meter and a crevasse obstacle< 70 cm
for one wheel. Camera resolution adequate to recognize these obstacles ade-
quately is significantly coarser than landmark navigation requirements where
accuracy in landmark bearing and elevation measurements is paramount. It
will be assumed that the camera resolution is 0.1 degree or better for the pur-
pose of landmark navigation,

e) Adequate Contrast. The greater the intensity of a signal, the
faster will be the human reaction time, up to some limiting value as shown
in Figure 1 (Appendix A, Reference 3). This is interpreted to apply to rela-
tive intensity, i.e., contrast, as well as absolute intensity. Therefore, for
the purpose of minimizing reaction time, it is apparent that a degree of picture
contrast just to the right of the knee of the curve in Figure 1 is adequate.

f) Advantageous Location of the LRV Camera and Maximum LRV
Velocity. Maximum LRV velocity may be established by the criteria of
being able to recognize an obstacle of hazardous size at a distance sufficient
to permit enough time to stop the vehicle in a remote driving mode, i.e.,
with the assumed 10 second system delay in the loop.

Assume a crevasse of hazardous size for one wheel, i.e., there
may be insufficient torque to drive the vehicle wheel out of the crevasse, is
20.7 meter. This may represent a crater > 0. 7 meter in diameter or it may
be a 2 0. 7 meter wide rill.

Assume also that a crevasse must subtend a minimum of 1 degree
vertical field-of-view to be properly recognized as being hazardous in size.
Figure 2 shows the above geometry. From Figure 2:

Dew + Dg

tan a = CH

(1)

Dcw + Ds+ 0.7 _ tana + tan (1 degree) >
CH "~ T -tan a tan (I degree) (2)

tan (a + 1 degree) =



REACTIOw TIME ( SECOKDS )

INTENSITY

Figure 1. Limiting Characteristic of Human Reaction
Time Versus Light Intensity of Perceived Signal
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Substituting (1) into (2) and solving for Cy:

_ 0.7+ Vo, 49 - 4 [tan 1 degree]z [Dcw + Dg + 0. 7] [Dew + Dgl (
o - \

C._ = -
~ 2 tan 1 degree

(PN
~—

Table 1 shows a calculated value of maximum velocity corresponding to an
assumed camera height, the stopping distance (Dg) corresponding to

10 seconds of travel at the calculated velocity, and assumed values for the
distance between camera surface subpoint and front wheels center surface
subpoint (D¢w). It is assumed that actual vehicle reaction time to come to a
halt is negligible compared to the 10 second system delay. It is apparent
that the higher and more forward the camera is mounted, the higher is the
maximum permissible velocity. Mechanical limitations of vibration of the
camera on a long mast (akin to an inverted pendulous bob) due to rough
terrain, and the likelihood of a maximum vehicle width in the neighborhood
of 2 meters, prompts a selection of 2 meters as a practical value of camera
height. This automatically bounds the maximum vehicle velocity to approxi-
mately 2.5 km/hr, as seen in the table.

One point that the above treatment has neglected, but which warrants
attention, is that of ambiguity of crevasse detection due to shadowing. TV
detection of a prominence, especially of 1 meter step size, is a negligible
problem in comparison to TV detection of a crevasse 70 cm across. Shadows
due to small prominences or irregular lurain may be misinterpreted as being
due to a crevasse or vice versa. On the other hand, lack of any significant
shadowing would increase the chance of misinterpretation. Visual detection
of crevasses will be inconclusive unless numerous stops are made so that
sufficient time is allowed to examine in detail each potential crevasse before
critical encounter.

g) Short Exposure Time and Adequate Field-of-View. Both of these
TV parameters may be bounded by a criteria for picture smear. Picture
smear in one scene element is defined as the apparent percent shift, either
vertically or horizontally, of that scene element during the exposure period,
Assume that a scene element is 0,1 degree x 0.1 degree,.

There is an inherent picture smear generated (as the vehicle moves).
which is independent of surface roughness. That is to say, even if the vehicle
were traveling on a perfectly flat surface and there was no mechanical
vibration of the camera viewing axes during motion, a picture smear will still
be generated due to the apparent shift of a scene element on the flat surface
during the exposure time.

In Figure 3, FRONT, TOP, and SIDE views of one ''slice' of the
camera FOV and its intersection with a flat lunar surface are shown for two
positions of the camera separated by a surface distance traveled = x meters.
At t,, the start of the camera exposure period, one picture element is
viewing point P,. At the end of the exposure period, that same scene
element is viewing point Py, which is a flat surface distance x meters ahead
of point Py in the direction of travel.

11



TABLE 1

1.5

-12

CAMHT 12:45 WVED. 05/727/70

VELACITY DgIN 10 SEC DCW CAM HEIGHT
[KM/HR ] { METERS ] {METERS) {METERS ]
33729 2.,32581 5 25
65729 1.82581 1 25
471729 132581 1.5 25
1.12091 3.11363 | o5
« 940907 2.61363 1.5 o>
1,62384 4,55401 ] 715
1.47384 4,09401 1 75
1.29384 3459401 1.5 o715
1.76889 4,91302 1 i
1.58869 4,41302 1.5 1
2.,20598 6.12773 5 1.25
2,02598 5.62773 1 1.25
1,84598 5.12773 1.5 1.25
2.,43632 6.76754 5 1.5
2425632 6.26754 i | 1.5
2.,07632 5.76754 1.5 1.5
2,646 7.35001 o5 1.75
2.466 6.85001 1 1.75
2,286 6.,35001 1.5 1.75
2,.83918 7.88662 5 2
2.65918 7.38662 1 2
2.,47918 6.88662 1.5 2
3,01873 8.38535 D 2.25
2.83873 7.88535 1 2425
2.55873 7.38535 1.5 2.25
318674 885206 5 245
3.00674 8.35206 1 245
2.82874 7.852086 1.5 2.5
3.34482 9.291168 ] 2.75
3.154382 8.79116 1 2.75
2.98482 8.29116 1.5 2.75
J.4942 9.70611 ] 3
3.3142 9.,20611 1 3
J.1342 8470611 3



TABLE 1. (Continued)

CAMAT 12:48  WED, 05727770

10 P=3,14159265/180

20 S=TAN(1%P)

60 PRINT” VELACITY","D IN 10 SEC", "DCW" ,"CAM HEIGHT"
70 PRINT"™ (XM/HR)", "(METERS)" "(METE?S)" "(METERS)"
73 FOR J=1 T8 12

74 C=Jdr4

76 FER K=! T8¢ 3

SOF1=SQR((0,49)~¢A%((( (=0, 7)/8)*C)+(912))))

85 DIz=(~-0,T+(F1))/2

S0 D2=(D1)Y=(X/2)

100 V=((D2)%3,6E3)/1Fa

110 PRINT V,D2,K/2,C

120 NEXT K

130 NeXT J

200 END

1
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The picture element in discussion has angular coordinates (v, B),
i.e., it is of the element seen by the camera y degrees down and B degrees to
the right from a horizontal line of sight.

Sy = Change in vertical viewing angle to point Py during the
exposure period.

Change in lateral viewing angle to point P, during the
exposure period.

Sy,

Do = Height of camera focal point above the surface.

Relations from Figure 3:

Cy®+ ¢ 2 = Cp (4)

\/CT2 + DO2 = Cp = Distance from camera to lunar surface (5)
tan B = % (6)

tany = g_g (7

tan (B + S1) = ok (8)

tan (Y + SV) . tI_II)J-LX (9)

= T = exposure time, where v = velocity (10)

<

Solving for x in (8) and substituting (6) and (7) into results:

* = (my) |1 - e s (n

Substituting (11) into (10) and solving for tan Sy.:

vT tan y tan (12)

tan Sy, =
Do (tané B + 1) - vT tany

15



Solving for x in (9) and substituting (7) into results:

x = Dg o - o b ] (13)
Ultany tan (Y + Sy)] T

Substituting (13) into (10) and solving for tan Syt
vT tan2 Y (14)

tan Sy = -
VDo [tanZy + 1] - vT tany

Appendix B is a computer run using Equations (12) and (14) for the following
assumed parameters:

Vehicle velocity = 1 km/hr

Camera focal point height = 2 meters
Exposure time = 10 ms

Picture element size = 0. 10 degree of arc

The percent shifts were obtained simply by:

Sy x 100 per cent
0.1 degree

per cent vertical shift = (15)

S1, x 100 per cent
0.1 degree

per cent lateral shift =

(16)

If a criteria of 20 per cent maximum shift, either vertically or laterally, is
used, then the run indicates that the lower bound on the vertical FOV is

31 degrees down from a horizontal line-of-sight. Correspondingly, the maxi-
mum HFOYV is confined to 60 degrees total.

The assumed vehicle velocity of 1 km/hr is representative as an
average; 1/2 km/hr is more likely over rough lurain, and 2 km/hr is more
likely over very smooth lurain. The upper bound on the VFOV may be
established as follows:

It would be required to keep the horizon and distant landmarks in

view for driver orientation in traversal. The distance to the horizon on the
moon from a 2 meter high viewing point is (refer to Figure 4):

D=V(R +h)?2 - R2 =V2Rh + h2 ¥ 2,64 km

where R radius of the moon =1, 738 x 106 meters

I

h

height above lunar surface = 2 meters

16



Figure 4. Geometric Relations Used to Determine Distance (D) to
Lunar Horizon (Flat Surface) From 2-meter High Camera Eye

View; and Height (L) at That Distance Which is Subtended by a 5°
Vertical Field-of-View

17



Allowing 5 degrees FOV above the horizon line-of-sight, landmarks on the
horizon of L relative altitude or less would be in full view, where

L = D tan 5 degrees - 465 meters

To this 5 degrees FOV, 5 degrees will be added to allow for vertical scene
jitter due to travel over very rough lurain, giving an upper bound for the
vertical FOV as 10 degrces above the horizon line-of-sight. The total maxi-
mum VFOV has become 41 degrees, 10 degrees above the horizon line-of-
sight and 31 degrees below.

A large FOV such as has been established here (¥ 40 degrees
vertical x 60 degrees horizontal) has the disadvantage of decreased resolution
and increased chance of picture smear at velocities higher than the assumed
1 km/hr. Its advantages are minimal apparent picture jitter over rough
lurain, opportunity to observe landmarks while moving, wider visibility for
purposes of obstacle detection and avoidance, and decreased time required
to obtain a panorama for navigation or science purposes when the vehicle is
stopped.

Using a camera height of 2 meters above a flat surface and a
Dcw = 0.5 meter (reference previous section), the Dg was found to be
7.89 meters (between front wheel surface contact and near edge of a hazard-
ous crevasse). A 60 degree HFOV permits visibility to the left or right of a
hazardous crevasse at this distance:

X

V(2)2 + (8.39)2

tan 30 degrees =

X = 4. 98 meters to the left or right of the hazardous crevasse.
This width is a comfortable margin for a vehicle < 2 meters in width.

Traveling typically at 1/2 km/hr in hazardous terrain, the driver
will have enough time to recognize a hazardous crevasse, assess both sides
of the crevasse, and command the vehicle to follow the better evasive path.
Thus, the outstanding guidance advantage of having a wide HFOV such as
60 degrees. The 40° x 60° FOV will be retained as the baseline design
camera FOV for later development. .

h)  Minimization of Scene Jitter due, to Unstabilized Platform Mounting

of TV Camera. Assume:

(1) 40 degrees vertical field-of-view.

(2) Limits of pitch and roll motion of the camera axis system at
low vibration frequencies (< 4 cps) are £10 degrees the vast
majority of the time,

(3) Picture element = 0.1 degree x 0.1 degree.

18



Assumption (2) is made with the understanding that the vehicle bed has at
least a torsion bar type suspension and perhaps a coulomb-type damping on
the wheel frame. Therefore, + 10 degrees angular motion after damping
and vibration isolation represents considerably greater angular motion of
the wheel moment arms about the vehicle c.g., i.e., a very rough lunar
surface.

There are several factors that lend support to the idea that the
pitch and roll motion of the camera axis system will be low frequency in
nature and small in magnitude.

(1) The major portion of the lunar surface in the vicinities of all
Surveyor and Apollo landing sites to date respond to the
pressure of a mass as if it were like loose topsoil to a depth
of approximately 4 to 6 inches. This is evident in the
Surveyor footpad '"footprints'' and especially in the footprints
of the astronauts. This ""loose topsoil' response is significant
in cushioning any uneven motion of the LRV, therefore
reducing the magnitude of vehicle bed vibrations.

(2) Assuming the LRV wheels are large (¥ 1 meter diameter)
and resiliant in design, the wheels will be able to '"straddle"
the gap between small rocks, or a small rock and the surface,
or the edges of a small crater, such that vibrations due to
wheeling over these small perturbances will be significantly
lower in frequency and smaller in magnitude than that obtained
with normal sized or small wheels. The wheel resilience
and relatively smaller mass compared to the vehicle body
mass will permit the wheels to absorb the bulk of the high
frequency perturbations.

For the assumed FOV, + 10 degrees pitch motion represents a
vertical shift of a flat horizon line of approximately + 25 per cent of the total
height of the scene. Roll motion of + 10 degrees is relatively less disturbing,
representing a rotation of + 10 degrees about the center point of the scene.

It is evident that these unwanted changes can be nullified on the
earth by processing pitch error and roll error telemetry to generate artificial
scene shift or rotation equal in magnitude of the telemetry and opposite in
phase. However, this method has two significant disadvantages:

(1) The pitch and roll errors for the camera axes coordinate
system will be different in magnitude and phase than the pitch
and roll errors for the vehicle bedy axes coordinate systern.
This is due to the long moment arm represented by the camera
mast, which will cause a pendulous action (with the camera
representing the mass at the end of an inverted pendulum) due
to pitch and roll motion of the relatively heavier vehicle bed.
The difference in magnitude and phase between the two sets of
errors will, in general, be as unpredictable as the lurain
causing the errors. The vehicle body axes pitch and
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roll errors will be telemetered for navigational use. To
telemeter the camera axes, pitch and roll errors would
require pitch and roll error sensing devices mounted rigidly

to the camera axes coordinate system, adding to the power

and data processing requirements for the vehicle.

(2) The second disadvantage is that, even with appropriately
accurate telemetry with which to '"countershift" or '"counter-
rotate' the scene on the earth, a loss of information would
occur.

If a picture were taken when the camera axes system pitched
+ 10 degrees, the artificially shifted scene on the earth would properly show
the horizon line in the same location as if the + 10 degrees pitch had not
occurred at all, but the bottom 10 degrees FOV would appear blank or black
to account for the shift, and the bottom 10 degrees FOV may be the most
important section of the TV scene much of the time for the purpose of
obstacle detection.

The first disadvantage discussed may be minimized by appropriate
vehicle design so that, with a sufficiently rigid camera mast, the phase and
magnitude differences between the two sets of errors may approach constant
values. In that event, the vehicle body axes system pitch and roll errors
(appropriately biased) would be sufficiently accurate to use for scene jitter
correction.

The second disadvantage is not as easily dismissed. However,
there is a way by which it can be minimized — by time synchronization of the
start of TV exposure time with the quiescent level crossing of the pitch
error magnitude, where the quiescent level represents the time average
pitch error. This appears like a simple solution to the problem. However,
another problem comes into being; the zero crossing is invariably a point in
the pitch error curve when the slope of the curve is large, and picture smear
becomes very appreciable.

Without detailed assumptions and calculations, it will be assumed
that the damped natural frequency of the LRV is £ 4 cps. Also, it is
assumed that the wheels are large(* 1 meter diameter), the camera exposure
time is 10 ms, and the picture element size = 0.1 degree x 0.1 degree.
Assume worst case conditions of transient vibrations (pitch) occurring
between + 10 degrees and at a 4 cps rate. The worst time for picture
exposure occurs when the slope of the vibration curve is maximum, i.e., at
times of zero crossing of the vibration curve, which occurs att = n/8 seconds,
where n =0, 1, 2, 3,..

The change in pitch angle over a 10 ms period centered at
t = 1/8 second is:

o

Aw = 10° sin [2r 4 (1/8 - 0.005)] - 10° sin [2m 4 (1/8 + 0. 005)]

10° sin [m (0.96)] - 10° sin [m (1.04)]

2.507 degrees.
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By contrast, the best time for picture exposure occurs when the slope of
the vibration curve is minimum, i.e., at peaks of the vibration curve, which
occur at t = (n/8 - 1/16) seconds.

The changes in pitch angle over a 10 ms period centered at

t=(1/8 - 1/16) second is:

Ag = 10°{sin [m (0.46)]}

1l

n

0.0788 degree.

Table 2 is a tabulation of vibration frequency (between + 10 degree
limits), the minimum and maximum pitch angle changes for any 10 ms period,
and the corresponding percentage shift (picture smear) of a picture element.
It is seen that even for a vibration frequency as low as 0.1 cps, there will be
significant picture smear (62 per cent of a picture element size) in worst
case. The best case (per cent shift-minimum) shows that at vibration
frequencies as high as 1 to 2 cps the picture smear is tolerable (4.9 to
19.7 per cent). It is apparent that if the camera exposure period could be
timed to be centered about a peak of a cycle of the vibration curve, the
picture smear due to vibration would be minimized over that cycle.

This requirement is a counterposition from that requiring minimum
scene jitter, as discussed earlier. However, minimization of picture smear
due to vibration is apparently an overriding requirement compared to minimi-
zation of picture jitter due to vibration, as indicated by the extent of picture
smear listed in the ""per cent shift-maximum'" column of Table 2.

Onboard circuitry as shown in Figure 5 would be a simple means
of time synchronizing the start of the TV exposure period for minimum smear
due to pitch error, yet also bound the picture jitter (to + J° in the comparison
circuit). The astable multivibrator or an equivalent oscillator is presumed
already onboard for the purpose of enabling the continuous TV mode while
traveling. Therefore, the only additional circuitry is what precedes the
astable multivibrator.

Figure 6 indicates that portion of interest of a sinusoid (or sum of
damped sinusoids) when it is desired to start the TV exposure period so as to
encounter minimum camera pitch angle change (E°) during the exposure. In
general, tg and ty will not be symmetrical about tyy,1, 25 the overall
vibration characteristic (damped free vibration response to a surface pertur-
bation by a complex degree-of-freedom system such as a four wheeled vehicle)
will be the algebraic sum of a collection of damped sinusoid terms. If,
however, it can be assured that (tNULL - ts) 2 TEX/2, then it can be certain
that (tg - tg) 2 TEX, as (tg - tNyuLL) Will in general be greater than
(tNULL - tg) for a damped sinusoid.
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TABLE 2

SINE 15:29 FRI. 03/27/710 )
| ®) (%)

CcPS ‘ MIN DEG SHIFT-MIN MAX DEG \ SHIFT-MAX
o 4,93228 E<«5 4.93228 E=2 6.28317 E=2 62.8317
] 1.23368 E-3 1.23388 3141468 314,146
| 4,93443 E-3 4,93443 «628215 628,215
2 1.97328 E=2 19,7328 -1.25581 1255,.81
3 4,43804 E-2 44,3804 1.88217 1882.,17
4 «078853 78.853 2.50666 2506,66
5 123117 123,117 3.,12869 3128,.,69
10 « 489435 489,435 6.18034 6180,.,34
15 1.08993 1089.93 9.,07981 9079,81

.20 1 .90983 1909.83 11.7557 11755,7

TIME: 1 SECS,

EDIT RESEQUENCE

READY .

LISTNH
100 'ET P=0,1
110 LET A=z3,.,14159265
120 1ET H=0,.005
130 PRINT "CPS"," MIN DEG", "\ SHIFT=-MIN", " MAX DEG","\ SHIFT-MAX"

140 DEF FNACWIZIOX(SINC(2%A*YIKR (1 /(2% W))=H)))

150 DEF FNB(X):IO*(ABS(SIN((2*A*X)*((l/(2*X))+H))))

160 DEF FNC(Y)le*(SIN((Z*A*y)*((l/(4*Y))-H)))

170 DIM A(C10) :

180 FOR I=0 T3 9
190 READ A(I)

200 LET CCI)=FNACACI))Y+FNBCACI))

210 LET BCI)=10=-CFNCCACI)))

220 LET D(I)Y=100=(C(BCIY)/P)

230 1ET ECIN=100%C(CCI))/P)

240 PRINT ACI),BCI),DCI),C(I),E(D)

250 NEXT I

260 DATA 0.1,0.5,1,2,3,4,5,10,15,20

270 END
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To recognize the point tg, it is necessary to establish:

(1) The magnitude of the error is = (J° - E°). This confines t
picture jitter to the bounds of £ {(J°) and is accomplished by
the comparison circuit of Figure 5.

(2) The magnitude of the error rate is < Eo/(TEX/Z) for an
exposure period straddling the portion of the vibration
response shown in Figure 6, and is < E"/(TEx) for a
nonstraddled portion.

Since a null point, i.e., zero error rate, in a damped sinusoid
has lower values of error and error acceleration (and lower
error rates at nearby points) than null points occurring
previously in time, it is probable that the criteria for the
earliest starting time for the exposure period would be met
close in time to a null point but far enough away in time such
that the exposure period would not straddle a null point. In
such a probable event, the magnitude of the error rate at tg
must be set = (E°/TEX). (In truth, the upper bound on this
rate can be set lower, but this is a design refinement that can
be pursued at a later time.) This test is made by the differ-
entiating circuit and subsequent rate gate of Figure 5.

(3) The magnitude of the error rate is decreasing, preferably at
a deceleration which will ensure that the ensuing ''time
window, ' during which only E° change will occur, will be at
least TEx seconds long. The certain upper bound on this
acceleration is Eo/(TEX/Z)/(TEX) for an exposure period
which straddles a null point and may be E° (TEX)/(TEX/Z) for
an exposure period which does not straddle a null point.
(Conditions (1) and (2) could be met with faster acceleration,
resulting in a 'time window'" < Tgx seconds long.) Here, as
in Condition (2), the upper bound can be set lower, but this is
a design refinement that can be pursued later. This test is
made by the second differentiating circuit and subsequent
acceleration gate of Figure 5.

When all three conditions are met (AND gate of Figure 5), the
astable multivibrator is triggered and, subsequently, the camera.

When all three conditions are not met, the astability of the multi-
vibrator assures at least one frame every period of the multivibrator. Once
the multivibrator is triggered, it cannot be retriggered until at least one-half
of its cycle later. This assures a tolerable maximum frame rate. The
frequency of the multivibrator could be made selectable at discrete levels to
change the frame rate limits according to vehicle velocity.

Figure 7 illustrates the in phase relationship of roll error and

pitch error due to the right front wheel rolling over a rock of height R. The
only apparent way that only a roll error would occur while traveling over a
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<4me Pitch error in

degrees

Figure 6. Segment of Sinusoidal Characteristic of Pitch
Variation Due to Camera Vibration
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rough surface would be if the right side wheels as a pair, or the left side
wheels as a pair, began simultaneously rolling over prominences of the same
height or crevasses of the same depth. Similarly, the only apparent way that
only a pitch error would occur while traveling cver a rough surface would be
if the front wheels as a pair, or the rear wheels as a pair, began simul-
taneously rolling over prominences of the same height or crevasses of the
same depth. Due to the random distribution of prominence sizes or crevasse
sizes, the probability of generating a pitch error only or a roll error only is

apparently low.

Because of the prominently in phase relationship of pitch and roll
errors, it is reasonable to assume that their rates will be minimum simul-
taneously. Therefore, only one of the two errors has to be monitored to
determine when minimum error rate occurs for both pitch and roll, as does
the circuitry of Figure 5.

A point about an effect that should not be overlooked — translational
motion of the vehicle c. g.:

Pure translational motion of the vehicle c. g. does not evidence
itself in axes-rotation sensing devices which produce the pitch and roll error
TM. Horizontal translational motion (in the direction of travel) has a
significant effect on picture smear, as discussed earlier in this report. So,
too, the vertical translational motion in Figure 7 (represented by Z.) will
contribute to the angular change, causing picture smear to the same degree
that the horizontal translational motion did. A pure translational motion
without any simultaneous axes rotation is at least as improbable (if not more
so) as occurrence of roll error without pitch error on pitch error without
roll error, due again to the randomness of prominence sizes and crater
sizes.

Therefore, again, by monitoring only pitch error or roll error,
it is reasonable to assume that minimum translational motion (Z.) occurs
at minimum pitch error. Therefore, the bounds + J° in Figure 5 will also
bound the absolute magnitude of Z. contributing to picture smear.

3. Obstacle Detection Subsystem

The significant factors associated with an obstacle detection subsystem
are: (a) reliability of detection and tradeoff between active and passive means
of detection and (b) advantageous location on LRV,

a) Reliability of Detection and Active versus Passive Methods. Tie
to the ambiguities existing in attempting crevasse detection by TV alone, as
previously discussed, a more reliable method is required. Crevasse
detection would be least ambiguous, short of a tactile method, by use of a
ranging method. Relying on a passive ranging method, be it ultraviolet,
infrared, or any other band of the spectrum (however feasible or infeasible
due to intensity level), would be basically no less ambiguous than a visual
method, as the shadowing effects and indirect reflections would still exist .

_ but merely shifted in spectrum. An active ranging system would require a.
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very high frequency of operation to determine accurately the short distance
ranging in question. Use of a tactile method such as a contact switch at the
end of a lightweight boom supported at its end on a wheel system which tracks
the surface it unreliable due to its questionable durability while attempting

vehicle design maximum range traversal over rough lurain (Appendix A, Ref. 5)

b) Advantageous Location on LRV. A ranging system is best located
high on the LRV for the same geometric considerations as discussed in the
TV section (IL. A. 2, f). An obviously desirable location would be at the same
height as the TV, supported on the same mast, and directed sharply downward
to the surface.

4. NAV/GUID Instrument Data.

Abrupt changes in vehicle attitude with respect to local vertical, in
wheel motor current(s) and odometer(s), or exceeding thresholds for these
parameters can be interpreted, via telemetry, as an impending obstacle
encounter, e.g., steep crater slope, or that an obstacle has been contacted.
This is a tactile method, however, and warrants automatic onboard action to
avoid the system time delay. No special instrumentation is needed for
guidance beyond that required to fulfill navigation and vehicle housekeeping
needs.

B. Obstacle Avoidance

The significant requirements here are: (1) expeditious stopping of
the vehicle and (2) freedom of movement for circumvention of an obstacle.

1) Expedition Stopping. The obstacle detection subsystem and the
NAV/GUID instrumentation previously discussed can be coupled easily to an
onboard gating system which would generate an automatic stop when their
appropriate hazard thresholds are exceeded. The information causing the
automatic stop can be telemetered to earth for the purpose of ground backup.

2) Freedom of Movement. Apparent requirements beyond those
required for nominal driving and velocity control are the capability to drive
the vehicle in reverse, to turn a tight circle, and to have the option of high
torquing at one or more wheels. The last item implies individual wheel
drive. Additionally, variable velocity at low speeds would be desirable, but
several discrete velocity levels should be sufficient.

C. Motion Control

1. General

Probability of a command link loss increases at high latitudes and
longitudes, and especially in rough lurain. This bounds the lunar area
available for remote controlled exploration.

Assume a velocity control loop closed on the earth, i.e., dependent
upon a steady stream of velocity commands. In the event of a sudden loss of
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command link from the earth, the vehicle would come to a halt after its
momentum has dissipated. This does not represent a significant advantage
for the closed loop on the earth technique, since, for example, a simple
onboard velocity contrel gating system dependent upon the presence of
received AGC above a certain threshold could do the same thing. However,
it does point out the problem that the nonzero momentum present at the

time of command link loss could carry the vehicle further into a region where
commanding is not possible, and the mission would abort,.

This problem must be circumvented by some onboard sensing system
which, after an appropriate time delay (to insure that the command link loss
was more than a momentary disruption), would reverse the previous direction
of motion of the vehicle so as to retrace a path known reliable for commanding.
It is a significant possibility that command link loss could occur as the vehicle
is in the process of being driven down a steep crater wall toward the crater
bottom. This would result in a greater distance traversed by the vehicle due
to the nonzero momentum present at the time of command link loss. Further,
simply reversing the direction of previous motion to retreat from the region
may not be successful because:

a) Possible loose soil would prevent the vehicle from being driven
backwards up the steep wall from a dead start on the wall.

b) The vehicle may have been in a turning mode or following a path
other than a gradient line.

Straightforward reversal of previous motion direction without an onboard
steering control (steering memory system) and in the presence of loose soil
may not then result in a sufficiently accurate retrace of its track.

One approach for a solution to the above predicament may be to have
the onboard capability so as to continue on the planned path to the crater
bottom and up the opposite wall to the top of its rim. This requires onboard
steering control and velocity control. This approach for a solution has the
disadvantage, however, that any insurmountable obstacle encountered along
this blind path may cause the vehicle to stop and abort the mission anyway.
Satisfactory examination, if possible, for insurmountable obstacles would be
required from the starting rim of the entire course across a crater from
rim to rim, if this approach is adopted. This approach may be very
attractive if the depression to be traversed is a rill, running many kilometers
in length, instead of a crater or if the depression is bordered by insurmounta-
ble or very rough lurain and offers a less hazardous route.

2. Steering Control

Without specifying the nature of the heading reference, be it a
directional gyro, sun compass, or some other device, it shall be assumed
that it exists primarily for the purpose of navigation, is adequately accurate
for that purpose, is capable of being updated if necessary, and that is provides
a reliable error signal for heading changes from a preset heading reference.
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The basic problem is how to maintain desired headings accurately and
ON COURSE while the vehicle is in motion. The options are a closed loop
onboard or closed loop on the ground, as shown in simplified diagrams in

TV iccem e O an A QO
.L‘.Lsult:b O allu 7.

It is assumed that there is no steering control parameter storage
capability onboard for the system of Figure 9 and that a continuous stream
of commands from the earth is necessary to keep the LRV pointed in the
desired heading. (This, incidentally, has the apparent disadvantage of an
added burden on the command link.) Perturbations caused by rough lurain
and heading commands from the earth will produce in either system the same
eventual result: a vehicle heading essentially identical to the commanded
heading.

The fundamental advantage of the system in Figure 9 is shift of
equipment complexity from the LRV to the ground. The difference in the
timing from the system in Figure 8, however, will cause complications in
staying on course. This is illustrated by an example in Figures 10, 11, and
12 of the responses by both systems to the same perturbations in heading
caused by rough lurain.

Figures 10, 11, and 12 illustrate true heading, including changes in
heading caused by perturbations such as steep prominences, small craters,
or generally uneven lurain. Figure 12 demonstrates the advantage of ,
onboard closed loop over closed loop on the earth. If the three perturbations
cited in the example were multiplied, as they should be to account for real
lurain, then keeping the vehicle on course will be a serious problem with the
closed loop on the earth technique.

Granted, the error could be decreased by including velocity and time
in the earth based correction system and "over correcting' to compensate
for the time delay to a considerable degree, but the resultant system would
still be significantly inaccurate compared to the onboard correction system.

The point here is that the system of Figure 9 not only results in
greater errors for navigation via dead reckoning compared to that achievable
with the system of Figure 8, but it becomes a '"local,' i. e., a guidance
problem in the attempt to traverse an area (filled with hazards, for example)
which requires accurate local maneuvering.

3. Velocity Control

a) Control Loop. The options here, as for steering control, include
closed loop onboard versus closed loop on the earth. The two systems would
be diagrammed similarly to Figures 8 and 9 regarding the locations of the
one-way transmission time delays.

The differences in accuracy between the two systems would not
be as dramatically large as the example illustrated by Figures 10, 11, and
12 but could be significant in an area of rough lurain where numerous heading
changes and velocity changes are required in various combinations and where
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perturbations would add to the errors in dead reckoning. Closed loop on the
earth would add another dimension to the remote driving control problem
caused by the system time delay. Delayed velocity control could add signifi-
cantly to the problem of steering control if each wheel were controlled
individually in velocity. Such a system could quickly generate unwanted
heading changes over rough lurain, in addition to the considerations of II. C. 2,
as well as unwanted torsional strain on the LRV itself. Closed loop on the

earth for velocity control increases the command traffic density.

b) Velocity and Torquing Levels. The factors to be considered here
are velocity range and resolution of velocity levels within the range. There
is no apparent advantage of driving at speeds much higher than 3 km/hr over
unknown, predominately rough lurain in the face of the system time delay.
The errors in steering control and obstacle detection would increase for
higher velocities over what was indicated in examples previously discussed.
Even apparently smooth lurain in a field-of-view could well be pockmarked
with insurmountable crevasses, requiring 3 km/hr as a reasonable upper
limit (refer to I A. 2.f). It would be of extreme value to have a high torquing
capability (and commensurately slow speed) to escape from having partly
fallen into a crevasse or to negotiate a steep slope.

The resolution of velocity levels could be discrete, i.e., 2 or 3
fixed velocity levels, wherein it likely would be elected to use the lower
levels of velocity for relatively rough lurain or to use a high torquing
capability advantageously. It would be important to have a vernier control
on each discrete level in the velocity control loop so as to be effective in
maintaining a reasonable constant velocity level. This would simplify dead
reckoning calculations and would be a necessity if odometric means of
velocity measurement is not used.

4, Distance

The options here are planned start and stop capability on the earth
only versus onboard and on the earth. An onboard planned start and stop
capability requires a clock and gating system. There appears to be no
guidance need for this capability nor any significant guidance advantage over
a capability based on the earth only.
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III, Summary of Vehicle Baseline Design Applicable to Vehicle Remote
Guidance

Based on the discussions of Section II, the following baseline design
will be used for ensuing development of the Vehicle Remote Guidance portion
of the MOC:

A, Obstacle Detection

1. TV

a. 1 frame/sec to 4 frames/sec, depending on available
information carrying capacity of the moon-earth
information link. On-board circuitry as in II A.2.h
to minimize scene jitter and smear due to camera
vibration,

O

b, 0.1 xO.lO resolution

c. 0.0l second exposure time

d. Mounted on vertical mast on the forward part of the
LRV and 2 meters above the lunar surface.

e. Approximately 40° x 60° FOV, with centerline of FOV
directed 10~ down from horizontal line of sight.

2. Obstacle Detection Subsystem (ODS)

Active, high frequency ranging device located near TV
camera and directed sharply downward with primary purpose of crevasse
detection,

3. NAV/GUID Instrument Package (NGIP), including some or
all of accelerometers, inclinometers, motor current ammeters, directional
gyro, and odometers. '

B. Obstacle Avoidance

1. Automatic stop generated on-board when ODS or NGIP indi-
cates transgression of a hazard threshold (including loss of command link).

2., Ground back-up computation of GO/NO-GO signals,

3. Remote-controlled steering control and velocity control to
maneuver around obstacles.
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Motion Control

1.

Steering Control

a. Automatic steering control maintains heading via on-
board closed loop.

b. Manual steering control overrides via ground control..
Automatic reversion to heading.

Velocity Control

a. Automatic on-board closed-loop velocity control main-
tains one choice of discrete levels of velocity.

b. Manual velocity overrides (selection of different choice
of discrete velocity level) via ground control.

Distance

Planned start and stop signals come from ground.

37



Iv, TV DISPLAY AIDS FOR REMOTE DRIVING

A. Introduction

A description of Visual Aids (lines marking locations on a TV scene of
predicted vehicle path, constant range lines from the predicted vehicle loca-
tion, etc.) intended to be superimposed on a TV scene of the panorama in the
direction of vehicle travel is presented herein, These visual aids would be
accurately located on the TV scene as based on vehicle heading telemetry or
commands, vehicle velocity telemetry or commands, and other pertinent
telemetry or commands, While the single scene appears before the remote
driver, these visual aids are capable of being updated in location each time a
new sample of pertinent telemetry is received (or less often, if the TM rate
is so high as to cause the visual aids to "jump'' in the scene at a disturbingly
high rate). At the appearance of the next TV frame (on the order of 1 second
later), the visual aids would be automatically repositioned with respect to that
new frame, and the process of "inter-picture' updating would begin anew. All
the visual aids described ahead are designed to be optionally selected in nearly
any combination,

A description and listing of the computer program used to transform
these visual aids from the surface coordinate system to the TV image plane
is included as well as a description of sample cases used to test the validity
of the computer program, wherein travel through a simulated crater field is
used as a backdrop and scenario,

Specific application of the above aids in generating a transparent overlay
for use in driving the JPL vehicle is described and a survey of equipment com-
mercially available which would interface with the computer program output is
included,

It is assumed that the LRV camera takes a picture with the exposure
time starting at (t,) seconds; it is displayed in front of the remote driver at
(to +6) seconds, and any speed change or heading change executed by the driver
at (t, +6) seconds will not be reacted upon by the LRV until (t, +10) seconds,

It is also assumed that telemetry is in a usable form on the Earth 1.3
seconds after transmission from the moon,

Iv. B. Description of the TV Display Aids

1. "Predicted Path"

a, Description, The "Predicted Path' (solid lines converging
from the bottom of Figure 13 appearing on the TV scene at
instantaneous time t, [measured from (ty +6 secs)] are
the '"paths'' that the vehicle front wheel forward contact
point (s):

1) a) “have followed between (t, + t;) seconds and

' [to + 6 +(ta -1.3)] seconds as indicated by
odometric telemetry and heading telemetry;
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or:

or:

b)

c)

should have followed in the same time period as
in (a) in response to speed change commands or
heading change commands.

some combination of (a) and (b) where (b) is used
to fill time periods of telemetry loss.

2) Will follow from [to +6 + (ta -1.3)] seconds to
[to + 10 + tA] seconds as a result of

a)

b)

the heading in effect at [ty + 6 + (ty -1, 3)]
seconds,

commands issued from the earth between
[to t 2+ (ty -1, 3)] seconds and [to +6+ tA]
seconds,

Note: This assumes a 4 second system
response time,

3) Will follow from (tg + 10 + tA) seconds and thereafter
as a result of heading change commands executed on
earth from (t; + 6 + t,) seconds and thereafter.

IV. B. 1. b, Mathematical Representation in Surface Coordinate System

1) Single path from vehicle c, g:

a)

From telemetry received between (t, + 1. 3) seconds to
[to + 6+ (ty -1.3] seconds:

Consider the

predicted path as composed of straight line

segments, each segment the result of a vehicle heading

change,

Assume heading changes occur at ty, ta, t3, etc., at the

vehicle,

(1) The first segment [(to) to (ty) seconds]:

X =

Y

il

Oto@

0

D,
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where

D, = distance between vehicle c. g. and its flat
surface subpoint,
and D = d;, if TM link is OK,

D = Vg (t] - t,), if TM link is lost,

d, = distance traveled between t, and t;, as indicated
by telemetry received between (t, + 1. 3) and
(t; + 1.3).

Vo = most recent velocity commanded, as of
(to -4).

(2) The second segment is:

X-X
- 1 . -
tan (o) - @) = ¥y, °rt X (Y -¥)) (tan (¢ -2 ) +X,
Y =Y, to @
zZ = D1
Z =D,
where @ = true heading from telemetry received at
(tb + 1, 3), if TM link is OK, (where
b= 0,1).
va = most recent commanded heading as of

(tB -4) if TM link is lost (where b = 0,1).
= dp sin (011 - G’o), if TM link is OK,

@ = v] (t2 - ty) sin (@) - @), if TM link is lost.

where
d2 = distance traveled between t, and t, as indicated
telemetry received between (t; + 1.3) and
(t, + 1.3).
v, = most recent velocity commanded, as of
(tl '4)
X1 = value of X at end of first segment

Y, = value of Y at end of first segment ( = 0)
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(3) The nTH segment is:

X - Xn-l
tan (@, =@ ) =F5—o— or X=(Y-Y_,)tan(a, -« )
=1 v 1 = 1 -1 & o
n-1
+ Xn-l
Y = Yn-l + @
Z = D1
where
@, = true heading from telemetry received at (tc + 1. 3),

=n-1,0, if TM link is OK.

o = most recent commanded heading, as of (t. -4),
if TM link is lost, or if TM for this time bracket
has not yet been received.

@ = d sin(¥ -o ), if TM link is OK,
n n o

@ =v (t. -t ,) sin (@ - a ) if TM link is lost,
n-1"'n n-1 n-1 o
or if TM for this time bracket has not yet been

received,
dn = distance traveled between t _ and t , as indicated
telemetry received between (t + 1. 3) ana
n-1
(t + l. 3)0
n ]
Vh-1 ~ Mmost recent velocity commanded as of (tn-l - 4)
th
X 4 = value of X at end of (n-1)  segment
Va-1 = Vvalue of Y at end of (n-l)th segment

Iv,.B.1l.b.2 Two Line Path Extending from Two Front Wheels

Same as in IV, B. 1. b. 1,
X with (X + D3)
Y with (Y - DZ/Z) and (Y + DZ/Z).

Results are two sets of equations representing right front wheel track
and left front wheel track.
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Where D, = distance between two front wheels (between midpoints
of the wheel widths),

i 1 1g X axis between vehicle ¢, g, flat surface

subpoint and front wheel flat surface contact point,

Note: Assuming the next picture is at (t; + 1) seconds (when the
camera responds to ''take picture'' commands), then the
equations of IV, B, 1. b will apply with each time used in the
equations increased by 1 second (effectively, a translation
along the X axis), When the picture is taken at, or after
t = t; (the first occurrence of a heading or speed change from
to), then each time in the equations is increased by t, seconds
(translation), and transformation about Z axis occurs:

(Z X formation).

thl cos (¥ -a@)) sin(@) - ) O X<t:1

XZtl - - (al - o[o) cos (al - ao) 0 Y<t1

Z 0 0 1 Z
>t1 <tl

Similar transformations occur whenever a picture reflects a
heading different from the heading of the previous picture.
The transformation angle will be the algebraic difference in
headings between the two pictures taken in sequence. Trans-
lations always occur between pictures, reflected in the equa-
tions of IV, B1l, b with the addition of the time between pictures
to all times stated in the equations,

IV. B, 2 Possible Path

a. De scriEtion

The 'possible path' (converging lines in Figure 13) are straight
line extrapolations from the end of the '"predicted path' of the path
the front wheel surface contact points will follow along the heading
determined by the actual joystick position at (t, + 6+ tp) seconds,
allowing for the 4 seconds system reaction time. This "possible
path' is assumed unexecuted until the driver pushes an execute
button, as in the Bendix scheme,
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The '"possible path' appears on the "t " picture (i.e., picture
exposed at t_ sec) starting at the end points (to + 10 +tp sec) of
the predicteg path. As time progresses, the predicted path ending
points (and possible path starting points) converge into the distance.

b, Mathematical Representation in Surface Coordinate System

1. Single path from c, g.:
This path can be represented as the (n + 1)th segment, with
the equations and term definitions of IV, B, I. b. 1. (a) (3)
applying with the substitution n = n+1,

2., Two line path:

Same as IV, B, 1. b, 2, but applying to the equations of
IV.B. 2. b. 1 above,

Note: The note of IV, B, 1. b, 2 applies to the above equations.

IV, B. 3. Projected Vehicle Image (att > or = + 10 sec),

a, General

Let X , Yt y Z represent the coordinates for
N el e

vehicle c, g. at (t:o +10 + ta) sec for a picture exposed at t, sec.

Assume, D4 = wheel width
D5 = distance between centers of left front and
left rear wheels (same for right pair).
D

1 DZ’ D3 as defined previously,
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b. Mathematical Representation in Surface Coordinate System

1. Coordinates of points on 4 wheel contact lines:

i
X=X +D =X +D
tNpp 3 N 3
D, D ' D, D D, D D, D)\
2, 4 2 4 2 . 4 2 4
Y--( + )+Y ‘ to—( ) +(—-+ ) to+(—————-—>+¥ A
[ e 2 tN+1:| [ : tNefl = L V2 tN+1 A \ TS
Z=0+2 =lo+z,
tN+L N+1
S— S = ) e
Left Front Wheel Right Front Wheel
X =X +D, -D 1- Fx +D, -D ]
tNe1 o 3 tNer 23
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2. Outline of vehicle front:

Assuming front of vehicle bed is a distance D, along X axis from
vehicle c. g.:

Front of Vehicle Bed

X = D +D
tNe1 ]
D. D D. D
O e REA = (== I
tN+1 N+1
Z = -D..+2
120 "ty
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where

DlZ is height of vehicle front above flat surface.

Assuming wheels are D, in diameter:

Forward Points of Front Wheels

D

X =X + D3 +'76
N+l |
D D D
Y = -(—Z—z'f'—z—‘i)‘}' Yt to —(7g
N+1
D
Z = '76+ Zy
N+1
S e O

Left Front Wheel

IV. B. 4., Grid System

De SCriR‘ tion

a‘l

- D, -
- x + D, +—=2
Ny 3 2
D D, D | D, D
‘5 [( ) ) ] [( ) 4) ]
-=hY =([\=F+52)+ Y, o]l 55- 57 )+ Y
SV \PS| 227 Tty 2 2] Ttyy
D
- -_2—€)+Zt
N+1
- - S O I -

Right Front Wheel

Constant range and constant heading angle lines focused on the

(to + 10 + t ) sec. point,

b'

Mathematic Representation in Surface Coordinate System

In general:

1. Constant heading (radial) lines:

X =X to N (large number at A = 0, 1 intervals)
s N+

Y = (X _ tan B)+ Y
S S tN+1

where

B = n10°

n = 0, £1, £2

Zz =0
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2, Constant range lines (concentric circles):

2 2

2 _ _
(|xs|-xt )T (Y, -Y =R%, Z_=0

)
N+1 tN+1
R = R(1) through R(5) = any 5 range values.

IV.B.5 Crevasse Hazard Recognition Aid

Two semicircular arcs centered on camera axes origin lunar surface
subpoint.

2
2 52 _
(Xs-DS) +YS—R X =0
where K
R =
K+ CH
CH = width of hazardous crevasse
D8 = X distance between vehicle c. g. surface subpoint and

camera focal point surface subpoint,

This is based on the fact that an assumed minimum angle of 1 degree
required for proper recognition is the angle that subtends a crater Cyg in
diameter at a surface distance of K from the surface subpoint of a camera
axis origin located D above the surface,.

IV.C Description of the Computer Program Interfacing Between Vehicle
Telemetry and TV Display

1. General - The computer program, written in FORTRAN IV language,
contains the appropriate transformation equations used to transform the visual
aids specified in the surface coordinate system as chains of points into the TV
image plane. The process is described diagrammatically in Figure 14,

2, Input Requirements - The required inputs to the program include:

a) Vehicle dimensions (Ref. Figure 34 of IV, E)

D1 = distance between vehicle c, g. and its flat surface
subpoint

D, = distance between two front wheels (between midpoints
of the wheel widths)

D3 = distance along X axis between vehicle c. g. flat
surface subpoint and front wheel flat surface contact
point '
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D = wheel width

4
D5 = distance between centers of left front and left rear
wheels (same for right pair)
D6 = wheel diameter
D7 = distance along X axis between vehicle c. g. flat
surface subpoint and front of vehicle bed
D8 = AX(in translation BC)= X distance between vehicle
c. g. surface subpoint and camera rotation system
origin subpoint
D9 = AY(in translation BC)= Y distance between vehicle
c. g. surface subpoint and camera rotation system
origin subpoint
DIO = AZ(in translation BC)= vertical distance between
vehicle c. g, and camera rotation system origin
D11 = distance between camera axes focal point and image

plane

IV.C.2, b) General Parameters:

PDLY

Delayin seconds between the time the camera
exposure period began and the instant when the
picture is first displayed in front of the remote
driver,

TMDLY Delay in seconds between the time the LRV first
senses a telemetered parameter (voltage, current,
temperature, vehicle body orientation, vehicle
speed, etc,) and the telemetered parameter is
stored in memory (and thereafter accessible by

the computer program),

CMDLY

Delay in seconds between the time a command that
has been sent to the LRV is stored in memory (and
thereafter accessible by the program) and the

instant the LRV begins to respond to the command,

HFOV} Horizontal and vertical field of view in degrees.

VFOV

CS

H

Minimum size (width in direction of travel) of a
hazardous crevasse '
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RA = Minimum vertical field of view in degrees which
subtends a crevasse of hazardous size when such
a crevasse first becomes recognizable as harzardous
(disregarding shadowing effects).
JSH = Instantaneous joystick heading.
RVPICS = Vertical height (linear) of the picture displayed in

front of the remote driver,
TMR = Prevailing telemetry rate in samples per second.

c) Telemetry Requirements (stored in memory from (to + TMDLY)
seconds and thereafter where t_ = time exposure period began):

1) Camera elevation with respect to plane of vehicle frame.
2) Camera azimuth with respect to plane of vehicle frame.

3) True vehicle heading (this may also have been calculated
based on other TM),

4) Vehicle velocity (this may also have been calculated based
on other TM),

5) Vehicle pitch, (This may also have been calculated based
on other TM, )

6) Vehicle roll. (This may also have been calculated based
on other TM, )

7) TM parity check for the above,

d) Command Requirements (stored in memory from (t - CMDLY)
seconds and thereafter):

Same as 1) through 4) of paragraph c) above,

3. Program Listing

a) Total listing, including simulation cards for test cases: Appendix D
contains a complete listing of the program in FORTRAN 1V
language, including all cards required for TM simulation and
crater field simulation for use in the case tests of the program
(see IV, D, ahead for description of the sample cases),

IV.C. 3.b Operational Listing

The operational listing is contained in Appendix E, This listing operates
in 0. 265 seconds per TV frame.
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IJsed to Test the Visual Display Aids Computer

1. General
The total listing of Appendix D was used for the sample
case to generate the t = 87 seconds through t = 104 seconds pictures
(Figures 19 through 29).

A minor variation of the total listing was used to generate the
t = 0 second pictures (Figures 1, 16, 17, 18, 30, 31, 32, 33).

2. Sample Case - Traversal in a Typical Crater Field

Assume a typical crater field as in Figure 15. Assume that a
full panorama had been taken at the t = 0 second point (Figures 16, 17, and
18), while the vehicle was stationary, in preparation for traversal to the
east in the crater field. '

At the t = 0 second point, craters A through G subtend vertical
FOV angles in the partial TV panorama of the crater field as shown in
Table 3.

Using the criterion that a crevasse must subtend a vertical
FOV angle of 2 1° (= 12 lines of a 500-line scan, Ref. BSR-2815, January
1970) to be properly recognized (ignoring shadowing effects for the moment),
it is seen from Table 3 that only craters A, B, and C are '"recognizable"
from the t = 0 second viewing point. (NOTE: On a 10 meter resolution
map of the lurain, only craters A and B would be recognizable and would

AY

appear on this map as not much larger than two ''dots. ')

Making the decision to proceed east (realizing that the traversal
will be between craters B and C), the remote driver commands a velocity
of 1/8 meter per second (X 1/2 KM/hr.). He turns on the CREVASSE
HAZARD RECOGNITION display aid to determine if a crevasse is hazardous
(2 0.7 meters diameter) or not, as soon as it is properly recognizable on
the screen. (NOTE: A 0.7 meter diameter crevasse subtends a vertical
FOV of 1° as seen by the camera at a surface distance of 8. 73 meters to
the center of the crevasse from the subpoint of a camera located 2 meters
above the surface. Therefore, the CREVASSE HAZARD RECOGNITION
display aid consists of two lines at constant ranges of (8.73 -0. 35) meters
and (8.73 + 0. 35) meters from the lunar surface subpoint of the camera
axes system origin at the time the picture was taken. If a crevasse fills
the space between these two range lines, it is recognized as ha